To understand the atmospheric behavior of radioactive materials emitted from the Fukushima Daiichi nuclear power plant after the nuclear accident that accompanied the great Tohoku earthquake and tsunami on 11 March 2011, we simulated the transport and deposition of iodine-131 and cesium-137 using a chemical transport model. The model roughly reproduced the observed temporal and spatial variations of deposition rates over 15 Japanese prefectures (60-400 km from the plant), including Tokyo, although there were some discrepancies between the simulated and observed rates.
Introduction
A nuclear accident at the Fukushima Daiichi nuclear power plant (FDNPP) accompanied the great Tohoku earthquake and tsunami on 11 March 2011, and as a result, enormous amounts of radionuclides were emitted into the atmosphere and the ocean [Chino et al., 2011; Butler, 2011; Nuclear Safety Commission of Japan, 2011] .
Radionuclides, particularly iodine-131 (I-131) and cesium-137 (Cs-137), adversely affect human health through contamination of air, water, soil, and food [Anspaugh et al., 1988] . Because radioactive contamination of soil and land water is caused mostly by atmospheric deposition, understanding the spatial and temporal distributions of radioactive materials in the atmosphere and their deposition over land masses and oceans is important.
Numerical simulations have played an important role in furthering the understanding of spatiotemporal variations of radioactive materials in the atmosphere. For example, many numerical simulations were conducted after the Chernobyl nuclear accident in 1986 [Albergel et al., 1988; Hass et al., 1990; Wheeler, 1988] , and these simulations helped to clarify the atmospheric behavior of the radioactive materials even though there were large uncertainties in the modeling parameters (see, e.g., [Sportisse, 2007] ).
In Japan, the System for Prediction of Environmental Emergency Dose Information (SPEEDI) and the worldwide version of the system (WSPEEDI) were developed by the Japan Atomic Energy Agency to predict environmental doses from radioactive materials accidentally released from a nuclear plant [Imai et al., 1985; Terada and Chino, 2008] .
After the FDNPP accident, SPEEDI data were released to the public starting on 23
March 2011, and the data helped the public to understand the behavior of radioactive materials. The target areas of SPEEDI are about 25 × 25 km 2 and 100 × 100 km 2 around the FDNPP and does not include the Tokyo metropolitan area (TMA, 120-270 km south-southwest of the FDNPP), which is one of the world's largest megacities (population, 30 million). In some areas, the radioactivity due to I-131 and Cs-137 in water and food (e.g., vegetables and milk) exceeded the provisional standard even in the TMA in March 2011 [e.g., Ministry of Health, Labour and Welfare, 2011a; 2011b] .
Thus, the development of a simulation model for evaluating the spatiotemporal variations of radioactive materials and the factors that control that variation on a scale that covers both the FDNPP and TMA (100-300 km) is necessary.
In this study, we simulated the transport and deposition of I-131 and Cs-137 using a chemical transport model. First, we compared the simulated atmospheric deposition rates and activity concentrations of I-131 and Cs-137 with observed data, and we evaluated the model performance to reproduce the observed data. Then, we assessed the budget of radioactive materials emitted from the FDNPP. Because there are uncertainties in the model input parameters, we evaluated uncertainties in the model simulation by means of sensitivity analyses.
Methodology
We simulated distributions of I-131 and Cs-137 using a three-dimensional chemical transport model, Models-3 Community Multiscale Air Quality (CMAQ) [Byun and Ching, 1999; Byun and Schere, 2006] , for 10-30 March 2011. In this simulation, we calculated horizontal and vertical advection, horizontal and vertical diffusion, emission, dry and wet deposition, and radioactive decay. Chemical and aerosol processes were not calculated because they are not well understood for radioactive materials [Sportisse, 2007] . Deposition schemes used in CMAQ are detailed in Byun and Ching [1999] and Byun and Schere [2006] . The dry deposition was simulated using a resistance model.
The cloud module of CMAQ includes parameterizations for sub-grid convective precipitating and non-precipitating clouds and grid-scale resolved clouds. We assumed that the gaseous fraction of I-131 was 80% and that all the Cs-137 was in the particulate phase [Sportisse, 2007] . Although there are large variabilities in the diameter of particulate radionuclides, we assumed the diameter of particulate matter to be 1 μm for both I-131 and Cs-137 [Sportisse, 2007; Sparmacher et al., 1993] . The deposition rate for gaseous I-131 was assumed to be the same as that for sulfur dioxide, as in previous studies (e.g., [Baklanov and Sorensen, 2001; Sportisse, 2007] ). The radioactive decay of I-131 (half-life 8.02 days) was included in the simulation, whereas the decay of Cs-137
(half-life 30.2 years) was neglected. The model domain covered most of the Tohoku region (including the prefectures labeled 1 -5 in Figure 1 ) and the Kanto region (prefectures 6-12, Figure 1 ) (700 × 700 km 2 ) at a 6-km grid resolution and a 34-layer vertical structure with a surface layer thickness of about 60 m (Figure 1 ).
We calculated meteorological fields by using the Weather Forecast and Research
Model version 3.1 [Skamarock et al., 2008] . Analysis nudging was conducted with the three-dimensional meteorological fields from the Japan Meteorological Agency Meso-Scale Model datasets available with 5 × 5 km 2 horizontal resolution for 3-h intervals. Emission data from the FDNPP were taken from Chino et al. [2011] ( Figure   S1 ). These data have a variable interval of 6-61 h (31 h on average), and we assumed that emission rates were constant in each interval. We assumed that both I-131 and Figure   1 ) was not conducted, owing to damage to an instrument; and measurement at a site in Fukushima Prefecture (5) did not start until 27 March. Bulk samplers were used to collect materials from dry deposition in addition to those from wet deposition, even though the collection efficiency of bulk samplers for trace gases and submicron particles is substantially different from that of a natural landscape [Aikawa et al., 2003; Staelens et al., 2005] . We assumed that deposition rates measured with bulk samplers were between the wet deposition and total deposition (i.e., dry plus wet) rates [Staelens et al., 2005] .
In addition, atmospheric activity concentrations of particulate radionuclides were continuously measured at a Tsukuba site (labeled "T" in Figure 1 ) starting on 15 March [High Energy Accelerator Research Organization, 2011] . A high-volume sampler was used for bulk aerosol sampling. The duration of the sampling periods ranged from 3 to 48 h.
Results and Discussion

Comparison between observed and simulated data
We compared the simulated deposition rates of I-131 and Cs-137 with the observed By contrast, deposition rates of Cs-137 at the Tochigi (7), Gunma (8), and Saitama (9) sites were overestimated by the model. These discrepancies between the observed and simulated data may have been partly due to uncertainties in transport and deposition processes in addition to uncertainties in emissions. Recently, Kondo et al. [2011] showed that CMAQ overestimates below-cloud scavenging of aerosols. However, the observed peak of Cs-137 was greatly underestimated even in the sensitivity simulation with wet deposition off ( Figure S3 ), and thus, treatment of wet deposition processes in CMAQ was not the only reason for the discrepancy in the atmospheric Cs-137 activity concentration at the Tsukuba site. Overall, despite some discrepancies, both the simulated total rates and the wet deposition rates mostly agreed with the observed deposition rates of I-131 and Cs-137 over the 14 prefectures within one order of magnitude ( Figure 3 ). The mean ratios of simulated wet (total) depositions of I-131 and Cs-137 to observed deposition rates were 1.2 (4.0) and 1.8 (2.6), respectively. Although the model performance cannot be quantitatively evaluated because of the unknown collection efficiency of dry-deposited materials by bulk samplers, this agreement suggests that the spatial variations were roughly reproduced by the model. The model performance in this study is comparable to the model performance for the Chernobyl simulations, although the temporal and spatial scales of this simulation and the Chernobyl simulations are different (see, e.g., [Albergel et al., 1988; Brandt et al., 2002; Davoine and Bocquet, 2007; Hass et al., 1990] ). 
Budget of radioactive materials
We assessed the I-131 and Cs-137 budgets in the model domain by quantifying the contributions of individual processes, such as advection, diffusion, emission, and deposition, to the atmospheric activity concentrations using Process Analysis, an analytical tool deployed in the CMAQ model [Byun and Schere, 2006] (Figure 5 ). In the model domain, the predominant loss processes for I-131 were dry and wet deposition on Table S1 . About 8% of I-131 and 15% of Cs-137 emitted from the FDNPP were deposited over Fukushima Prefecture.
These fractions of budgets do not change even if the total emission amount changes, whereas the fractions would change if the temporal and vertical emission patterns changed. We conducted sensitivity simulations to evaluate the uncertainties of these fractions originating from the vertical and temporal emission profiles (Table S2 and S3).
We found that the simulated fractions of I-131 and Cs-137 deposited over land in the model domain were insensitive to the vertical emission profiles. Temporal profiles of the emission rates had a large impact on the budget of radioactive materials. On 15-17 and 19-23 March, when the transient cyclone passed over Japan, 7-24% of I-131 and 8-41% of Cs-137 emitted from the FDNPP were deposited over land in the model domain, whereas the deposition amounts over land were much smaller when westerly winds prevailed. Thus, radionuclide budget estimated in this study changed substantially when the temporal emission profiles changed. Therefore, accurate estimation of emission amounts and temporal variations is important for the evaluation of the atmospheric behavior of radionuclides.
Conclusions
We ocean. This model results will be an important input to multimedia models, which deals with running water, soils, and oceans around Japan. 
